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a b s t r a c t
The purpose of this work is to study the effects of blade thickness on the performances of an axial-ﬂow
fan. Two fans that differ only in the thickness of their blades were studied. The ﬁrst fan was designed to
be part of the cooling system of an automotive vehicle power unit and has very thin blades. The second
fan has much thicker blades compatible with the rotomoulding conception process. The overall perfor-
mances of the fans were measured in a test bench designed according to the ISO-5801 standard. The
curve of aerodynamics characteristics (pressure head versus ﬂow-rate) is slightly steeper for the fan with
thick blades, and the nominal point is shifted towards lower ﬂow-rates. The efﬁciency of the thick blades
fan is lower than the efﬁciency of the fan with thin blades but remains high on a wider ﬂow-rate range.
The mean velocity ﬁelds downstream of the rotors are very similar at nominal points with less centrifu-
gation for the thick blades fan. Moreover, the thick blades fan maintains an axial exit-ﬂow on a wider
range of ﬂow-rates. The main differences concern local properties of the ﬂow: phase-averaged velocities
and wall pressure ﬂuctuations strongly differ at the nominal ﬂow-rates. The total level of ﬂuctuations is
lower for the thick blades fan that for the thin blades fan and the spectral decomposition of the wall ﬂuc-
tuations and velocity signals reveal more harmonics for the thick blades fan, with less correlation
between the different signals. For this kind of turbomachinery, the use of thick blades could lead to a
good compromise between aerodynamic and acoustic performances, on a wider operating range.
1. Introduction
The low-speed axial-ﬂow fans, used for instance in the cooling
system of automotive vehicles power units, have very complex
three-dimensional geometries that can affect both their overall
and acoustical performances. An example of one parameter that
dramatically modiﬁes the performances is for instance the blade
sweep [1–4]. A second parameter that should affect the perfor-
mances is the blade thickness. Low-speed axial-ﬂow fans usually
have conventional thin blades. However, following motivations
such as active control of the blade shape or the use of the roto-
moulding process [5,6], the designers would have now to face pro-
ﬁles with thicker blades. The control of blade shape may help to
reduce the radiated noise or to extend the operating range and
the need for actuators then implies thicker blades. The rotomoul-
ding process—previously tested for wind turbine blades—leads to
thick hollow blades and may be more economic because of mate-
rial gain. The blades can have more stiffness with greater inertia
moment. Complex shapes with blade recovering are moreover eas-
ier to manufacture than with traditional plastic injection methods,
and the blades can be ﬁlled for instance with noise-absorbing
foam.
In aeronautics and in the automotive industry, changing the
blade thickness has been used for many years as an efﬁcient way
to modify the lift and drag characteristics and the boundary layers
detachment process [7,8]. Applied to low-speed axial-ﬂow fans,
one could a priori think that the extra thickness may increase the
dissipation of energy in the von Kármán street behind the blades
so that the performances of the fan decrease and the pressure ﬂuc-
tuations in its wake increase. The effects of blade thickness on the
overall performances are not so well known [9–12] and to the best
of our knowledge the inﬂuence on the dynamics remains an open
question.
Therefore this study intends to compare the aerodynamical per-
formances of two axial-ﬂow fans that only differ in the thickness of
their blades. The geometry of the fans and the experimental setup
are presented in Section 2. The results on the mean features are
presented and discussed in Section 3: the overall characteristics
of the two fans are presented in Section 3.1; the mean velocity
ﬁelds downstream of the fans are compared in Section 3.2 and
these results are brieﬂy discussed in Section 3.3. Some results on
local ﬂuctuating quantities are presented and discussed in Section
4: measurements of the wall pressure ﬂuctuations that are an
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image of the acoustical performances are presented in Section 4.1
and ﬁnally, phase-averaged velocity signals that are measured on
one point are then compared in Section 4.2. Concluding remarks
are then given in Section 5.
2. Experimental setup
2.1. Geometry of the two fans
The fans used in this study are two prototypes developed for
automotive engine cooling system applications following the
methods detailed in [13]. The fans are made out of aluminium
and have the same geometrical characteristics except the blade
thickness. The thin blades axial-ﬂow fan is the reference and is la-
beled FA. The thick blades fan is labeled FB. Pictures of the thick
blades fan are displayed in Fig. 1 with a drawing of a section of
the FA and FB blades at hub, mid-span and tip. The main character-
istics of the blade cascade are given in Table 1.
Each of these fans has six blades. The rotor is built up from
blades of circular-arc camber lines, with NACA-65 proﬁles of mean
chord c = 74 mm clipped at 0.95x/c. The hub-to-tip radius ratio is
Rint/Rmax = 0.365 with tip radius Rmax = 179 mm. The rotors are
moreover shrouded with a zigzag circular collar in order to close
the radial gap in the free-ﬂow experimental facility (see Section
2.2 below). The spanwise load of the blades is prescribed following
a controlled vortex design method [3,13]: in the present case the
absolute tangential velocity downstream of the rotor Vh increases
linearly with the radius such that the Euler work per unit mass
xrVh increases quadratically from the hub to the tip of the blades.
The blade loading that is the ratio of the Euler work to the square of
the peripheral velocity is moreover constant along the radial direc-
tion. With this design the hub losses are reduced and the blades are
less twisted [3]. The blades are stacked on the trailing edge. The
blades are ﬁnally swept forward in order to beneﬁt from lower to-
nal noise as suggested by several studies [1–4]. The forward sweep
may also increase or decrease the overall performance, depending
on the blade loading distribution, as reported in Refs. [3,4].
The maximum blade thickness of the thin blade axial-ﬂow fan
FA is 4 mm, i.e. 5.6% of the chord length at mid-span (conventional
axial-ﬂow fans usually have a relative maximum thickness varying
from roughly 10% at hub to 7% at tip [13]). The blades of the second
fan FB are thickened to reach a maximum thickness of 10 mm, i.e.
13.5% of the chord length at mid-span. The thickness distribution
e of fan FB is: eB = 2eA + 2 mm. The Fan FA was designed to meet
the speciﬁcations point Dpdes = 270 Pa, QN, des = 0.736 m3 s1 for a
nominal angular velocity xN = 260 rad s1. The corresponding spe-
ciﬁc speed X ¼ x
ﬃﬃﬃ
Q
p
ðDp=qÞ3=4 is X = 3.89.
2.2. Normalized test benches and measurement techniques
2.2.1. Free-ﬂow experimental facility
The Fig. 2a shows the experimental facility used to determine
the overall performances of axial-ﬂow fans in open-ﬂow conﬁgura-
tion. The air suction test bench was designed and built at the
Dynﬂuid laboratory of Arts et Métiers ParisTech according to the
ISO-5801 standard. It consists of a cuboid of size 1.3  1.3 
1.8 m. A pierced plate inside it prevents the ﬂow from having pre-
rotation. The fans are placed at one end, the zigzag circular collar
being tightly ﬁtted to the bench. The air ﬂow-rate is set and mea-
sured according to the ISO-5167 standard by setting the hydraulic
impedance of the bench through diaphragms of various sizes that
are placed at the other end.
Pressure rise Dp is measured with an absolute precision of ±0.1
Pa. The torque C on the fan shaft is measured with a HBM strain
gauge transducer. The uncertainty of torque measurements corre-
sponds to 0.1% of the maximum measured torque. The angular
velocity x is measured with a tachymeter of relative precision
±0.2%. The power adsorbed on the fan shaft is then estimated
through the product Cx. The accuracy of the whole system leads
to a determination of the efﬁciency within about ±0.5%.
The mean velocity ﬁeld in the wake of the fans has been mea-
sured with Two-Component Laser Doppler Anemometry (LDA),
using a DANTEC ‘‘FlowExplorer’’system. The method to get the
three components of the mean velocity ﬁeld downstream of the
fan relies on the axisymmetry of the mean ﬂow, that is a posteriori
checked. The deﬁnition of the laboratory Cartesian coordinate sys-
tem {X;Y;Z} and of the two measuring planes is pictured in Fig. 3.
The LDA system measures the velocities on the Y axis and on the Z
axis. The measurement is ﬁrst performed in the {Y;Z} plane at a
certain radial distance r from the axis of rotation, and at an (axial)
distance z from the trailing edges of the fan in the Y direction
(point 1 in Fig. 3). The measured velocities, in polar coordinates,
are thus the radial velocity Vr(r,z) and the axial velocity Vz(r,z).
The measuring volume is then precisely traversed to the same
radial and axial distances r and z, but in the {X;Y} plane (point 2
in Fig. 3). Special care has been given to the alignment of the sys-
tem. The velocities that are measured at this second point, in polar
coordinates, are thus the opposite of the tangential velocity
Vh(r,z) and the axial velocity Vz(r,z) that is measured two times.
We then check that the two measurements give the same mean
axial velocities: the difference between Vz(r,z) in the two planes
is less than 1% everywhere.
Constant Temperature Anemometry (CTA) with a 2D Dantec
55R51 hot ﬁber ﬁlm probe has also been used to study more
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Fig. 1. Views of the two fans. Front view, sections of thick and thin proﬁles at
various span locations and thickness distribution law along the meridional
coordinate.
Table 1
Blade cascade parameters for the reference fan FA. Radius R (mm). Chord length c
(mm). Cascade solidity r. Stagger angle c (). Proﬁle designation according to the
nomenclature given in Ref. [13]: NACA 65(xx)yy with (xx) representing the relative
camber and yy standing for the relative thickness. Lieblein’s diffusion factor D.
R c r c Proﬁle D
Hub 65.4 66.6 0.97 53 NACA 65(07)06 0.372
Mid-span 122.2 74.0 0.58 66 NACA 65(10)05
Tip 179.0 81.3 0.43 70 NACA 65(11)05 0.650
speciﬁcally the velocity ﬂuctuations and the phase-averaged veloc-
ity signals. The method to get the three velocity components is the
same as described in Refs. [2,4] and is based on two measurements
at different angular positions of the probe.
2.2.2. Ducted-ﬂow experimental facility
In order to compare the behavior of the two fans in a ducted-
ﬂow conﬁguration and to measure the wall pressure ﬂuctuations,
a second test bench was built according to the ISO-5801 standard
(see Fig. 2b).
It consists of a cylindrical pipe of inner diameter D = 380 mm. A
bell mouth is ﬂush-mounted at the inlet of the duct. The upstream
face of the fan is at a distance D from the pipe inlet. A DC-motor
is hidden in a casing of diameter 0.3D and length 0.7D, with a
warhead-shape end. The binding to the tube is ensured by ﬁve rods
of diameter 8 mm, i.e. 0.02D, in order to minimize their inﬂuence,
regardless the ﬂow-rate. The distance between the upstream face
of the fan and the binding rods is 0.26D. An anti-gyration device
made of eight metal sheets of thickness 1.5 mm and length 2D is
placed 2D downstream of the rotor-stator set. It prevents the
outgoing ﬂow from having any rotating component. The static
pressure of the axial fan is measured 1D downstream of the anti-
gyration device, with an average over four ﬂush-mounted pressure
taps. The ﬂow-rate is measured with a normalized diaphragm,
located 10D downstream of the anti-gyration device and 5D
upstream of the pipe outlet. The diaphragm has a diameter of
0.73D. Other diaphragms of various sizes are placed at the exit of
the pipe to vary the test bench hydraulic impedance and thereby
to vary the operating point of the studied axial-ﬂow fan.
Wall pressure ﬂuctuations are measured simultaneously by
eight microphones that are evenly distributed on the circumfer-
ence of the duct. They are mounted downstream of the fan, half-
way between the fan and the ﬁve rods that ensure the binding to
the tube (see Fig. 2b). The microphones are G.R.A.S 40BP 1/400 polar-
ized pressure microphones of sensitivity 1.65 mv Pa1, with G.R.A.S
26AC preampliﬁers and a G.R.A.S 12AG power supply module. The
signals are ampliﬁed with a gain of +30 dB and high-pass ﬁltered
with a three-pole Butterworth ﬁlter with cut-off frequency of
20 Hz. The signals are then digitalized using a NI Data Acquisition
Card (M 6211, 16 bits) at a sample rate of 12 kHz.
3. Comparison of the mean features of the two fans
3.1. Overall characteristics
The characteristics of the two fans are shown in Fig. 4a together
with the design operation point of the reference fan. The ﬂow-
rate coefﬁcient (U) and pressure rise coefﬁcient (W) are deﬁned
respectively by Eqs. (1) and (2):
Fig. 2. ISO-5801 test benches. (a) Open-ﬂow facility. The dimensions are
1.3  1.3  1.8 m. The fans suck the ﬂow through the test bench. (b) Ducted-ﬂow
facility. This conﬁguration is dedicated to the local measurements of wall pressure
ﬂuctuations. The fans blow the ﬂow into the pipe.
Fig. 3. Measurement of the mean exit-ﬂow ﬁeld with a Two-component LDA
system. The measurements are taken in the two planes that are displayed with
white lines. The origin of the coordinate system is centered on the rotation axis, and
the axial position of the origin corresponds to the plane that contains the fans
blades trailing edges. The LDA system measures the velocity in the Y and Z
directions. At point 1 this corresponds to the axial Vz and radial velocities Vr. At
point 2 this corresponds to the axial Vz and to the opposite of the tangential
velocities Vh.
U ¼ Q
pxR3max
ð1Þ
W ¼ Dp
1
2qx2R
2
max
ð2Þ
The design point thus corresponds to Udes = 0.156 and Wdes = 0.200
and is indicated by a dot in Fig. 4a.
The curves are the results of ﬁve measurements at the nominal
rotation rate xN = 260 rad s1. The error bars in Fig. 4a stand for
the standard deviation of the ﬁve measurements ofU andW, mag-
niﬁed by a factor three for better visualization. The pressure coef-
ﬁcient distributions are relatively similar to each other. The thin
blades fan FA matches the speciﬁcations point plotted in Fig. 4. At
the design ﬂow-rate, the thick blades fan FB produces a pressure
rise that is 8% below the speciﬁed pressure rise. The curve of FB
is moreover steeper than the curve of FA and there is a cross-over
between the two fans: at partial ﬂow-rates below U = 0.11, FB pro-
duces more pressure rise than FA; at overﬂow-rates, approximately
beyond U = 0.2, FA produces this time more pressure rise than FB
and the difference of pressure rise between the two fans remains
almost constant.
The efﬁciency coefﬁcient (g) is deﬁned by Eq. (3):
g ¼ DpQ
Cx
ð3Þ
The efﬁciencies of both fans are shown in Fig. 4b with the ﬂow-
rate coefﬁcient of the design point highlighted by the vertical dash-
dotted line. The efﬁciencies distributions have a classical shape,
with a slow evolution for partial ﬂow-rates and a strong drop after
the nominal ﬂow-rate. The nominal ﬂow-rate for FA is UN,A = 0.18
and the corresponding pressure coefﬁcient is WN,A = 0.17. The efﬁ-
ciency is then gmax,A = 0.58 ± 0.005 which is pretty fair for this type
of turbomachinery [13]. The maximum of g is shifted towards
overﬂow with respect to the design point. This point is discussed
below in Section 3.3.
The maximum efﬁciency for the thick blades fan FB is gmax ,B =
0.55 ± 0.005. The thickening of the blades has led to a decrease of
0.03 of gmax. The nominal ﬂow-rate of FB is shifted toward a partial
ﬂow-rate of about 17% with respect to the nominal ﬂow-rate of FA
and the thick blades fan thus gives its best efﬁciency for a ﬂow-rate
UN,B = 0.15 very close to the design point Udes = 0.156. The corre-
sponding pressure coefﬁcient is WN,B = 0.19. The distribution of
the efﬁciency of FB is moreover ﬂatter than that of FA: quantita-
tively, the range of ﬂow-rates corresponding to a decrease of 3%
of g from gmax is ±0.3 U/UN for FB, while it is only ±0.2 U/UN for FA.
As a partial conclusion please also note that although the thick
blades fan FB does not meet the speciﬁcation point at the nominal
angular velocity xN = 260 rad s1, the desired point in a dimen-
sional point of view (Dp = 270 Pa, QN = 0.736 m3 s1) can be
reached with this fan rotating at x = 270 rad s1. Since the efﬁ-
ciency of the two fans is the same at such ﬂow-rates (g ’ 0.55),
the use of FB at x = 270 rad s1 in the automotive cooling applica-
tion would lead to the very same power consumption as the use of
FA at xN = 260 rad s1.
3.2. Comparison of the mean exit-ﬂow ﬁelds
The mean exit-ﬂow downstream of the rotors may give further
information that help to understand the differences that have been
observed on the overall characteristics. To compare the two fans FA
and FB, two sets of measurement of the ﬂow ﬁeld have been per-
formed. Each set consists in choosing one dimensional operating
point (ﬁxed diaphragm at the inlet of the free-ﬂow experimental
facility, ﬂow-rate Q and pressure riseDp) and in adjusting the rota-
tion rates of the two fans to make them operating at this very same
point.
The ﬁrst set was made very close to the nominal ﬂow-rate of FB
(UN,B = 0.15) and is presented in Fig. 5. The second set was made
very close to the nominal ﬂow-rate of FA (UN,A = 0.18) and is pre-
sented in Fig. 6. The ﬂow ﬁelds have been measured on a Cartesian
grid that extends typically from z = 20 mm to z = 150 mm with a
spacing of 10 mm (14 points in the axial direction) and from
r = 40 mm to r = 220 mm or from r = 65 mm to r = 255 mm with a
spacing of 5 mm (38 points in the radial direction). The mean data
rate is 2000 Hz and the signal has been acquired for 15 s, i.e.
roughly 500 revolutions of the rotor, at each position. The mean va-
lue and the standard deviation are thus well converged.
3.2.1. Discharge ﬂow components
The ﬂow ﬁelds in meridional plane, i.e. the discharging compo-
nent Vz(r,z) and the centrifugal component Vr(r,z), are displayed in
Figs. 5 and 6a and b.
One common feature of the two fans, regardless of the ﬂow-
rate, is the presence of a large recirculation, with small upstream
velocities close to the hub: the discharged ﬂow exits only for
r > 100 mm. Measurements of the ﬂow ﬁeld close to the hub with
CTA that do not give access to the velocity direction should be con-
sidered with caution. The main difference lies in the centrifugation
of the ﬂow by the two fans.
The meridional ﬂow for FA at a partial ﬂow-rate of U/UN,A = 83%
is plotted in Fig. 5a. The ﬂow downstream of the fan already has a
very important radial component as noticed by Kergoulay et al. [2].
The discharging ﬂows for the two fans at their respective nominal
ﬂow-rate (Fig. 6a for FA and Fig. 5b for FB) are very similar with
smaller centrifugation for FB. The meridional ﬂow for FB at an over-
ﬂow-rate of U/UN,B = 120% is plotted in Fig. 6b and presents barely
no centrifugation. There thus seems to be a tendency for the thick
blades fan FB to maintain a mainly axial exit-ﬂow on a wider range
of operating points.
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Fig. 4. Fans characteristics: (a) pressure rise coefﬁcient W vs. ﬂow-rate coefﬁcient
U and (b) fans efﬁciency g vs. ﬂow-rate coefﬁcient U. ð}Þ: thin blades fan FA, (h):
thick blades fan FB and (): design speciﬁcation point. The reproducibility is
evaluated from ﬁve independent experiments and displayed are errorbars magni-
ﬁed by a factor 3 for (a) and a factor 6 for (b).
3.2.2. Mean tangential velocity
Contours of the tangential velocity ﬁeld Vh(r,z) are plotted in
Figs. 5 and 6c and d. As a common feature for both fans, one can
notice that the tangential velocity downstream of the rotors has
signiﬁcant values, of the order of the discharge velocity
Q=ðpR2maxÞ. At the design ﬂow-rate, an extra static pressure rise of
roughly 1=2qV2h ¼ 30 Pa could be obtained by the use of a stator.
That corresponds to 20% of the pressure rise and would lead to a
signiﬁcant increase of the efﬁciency. The tangential velocity ﬁelds
are moreover strongly correlated to the meridional velocity ﬁeld
for both fans, regardless of the ﬂow-rate. It is almost zero outside
the discharge jet. The 3D structure of the exit-ﬂow thus resembles
an annular rotating jet. Close to the fans, there are two local max-
ima for nominal (Fig. 5d for FB and 6c for FA) and overﬂow-rates
(Fig. 6d for FB). The radial positions of these maxima are adjacent
to the edges of the discharge jets.
The differences between the two fans lie in the magnitude and
the axial attenuation of the tangential velocities. The velocities are
stronger for the thick blades fan FB—which is consistent with its
overall lower efﬁciency—and the axial velocity decay is also slower.
These two points are discussed below in Section 3.3.
3.2.3. Standard deviation of the tangential velocity
Contours of the standard deviation (or the root mean square
rms) of the tangential velocity ﬁeld Vh rms are plotted in Figs. 5
and 6e and f. The maxima of ﬂuctuations are located at the edge
of the discharge jet where the radial gradient in tangential velocity
is steep, and the core of the jet corresponds to a local minimum of
ﬂuctuations. Finally, one can notice that the global level of ﬂuctu-
ations in the exit-ﬂow of FA is stronger than that in the exit-ﬂow of
FB.
3.3. Remarks and discussion on the modiﬁcations of overall
performances and of exit-ﬂow topology
The nominal ﬂow-rates of the two fans are different and fur-
thermore do not match the design point (see Fig. 4b). The latter
could be an effect of the forward sweep as noticed in Refs.
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Fig. 5. Mean exit-ﬂow measured by LDA close to the nominal point of FB. (a, c and e) FA rotating at x = 209.5 rad s1 for a ﬂow-rate Q = 0.557 m3 s1 and a pressure rise
Dp = 164 Pa corresponding to a ﬂow coefﬁcientUA = 0.148. The discharge velocity Q=ðpR2maxÞ is 5.6 m s1. (b, d and f) FB rotating atx = 214.2 rad s1 to give the same ﬂow-rate
and pressure rise, that corresponds then to a ﬂow coefﬁcient UB = 0.144. (a and b) Mean meridional ﬂow {Vr(r,z); Vz(r,z)}. (c and d) Mean tangential velocity Vh. (e and f)
Standard deviation of the tangential velocity Vh rms. The blue patch in each ﬁgure stands for the position of the blades.
[3,4]: for comparable Controlled Vortex Design fans—of relative
thickness 10% and pressure rise coefﬁcient WN ’ 0.3 for Vad [3]
and of relative thickness 9% and pressure rise coefﬁcient
WN ’ 0.3 for Hurault et al. [4] – both studies reported a decrease
of the ﬂow-rate and efﬁciency with respect to the design point
when the fan blades are swept forward. However, the trend is
not systematic and ﬁrst depends on the blade loading that is di-
rectly linked to half of the pressure rise coefﬁcientWN. Indeed, for
a more loaded fan with more load near the tip, Hurault et al. [14]
reported an increase of the nominal ﬂow-rate with forward
sweep. The fact that the nominal ﬂow-rates of FA is greater than
the design point – computed with a method that had been vali-
dated for conventional thickness of roughly 7% [13] – while it is
lower for FB in the present study suggests that the shift of nom-
inal ﬂow-rate with respect to the design point could not be as-
cribed to the blade sweep alone but that blade thickness also
plays a major role because it somehow modiﬁes the blade loading
and the balance between lift and losses.
Some results concerning the effects of thickness on the aerody-
namic behavior of isolated proﬁles may help to explain the relative
position, i.e. the cross-over between the two curves (see Fig. 4a). In
general the thickening of isolated proﬁles leads to a reduction of
the aerodynamic efﬁciency (lift to drag ratio) [7,8]. Even at the
most efﬁcient angle of attack, signiﬁcant boundary layer separa-
tions are observed on thick proﬁles—of relative thickness above
10%—while not on thin proﬁles [11] and the lift is reduced. The vis-
cous dissipation is moreover greater for thick proﬁles, especially
when they have rounded trailing edge as it is the case here [10].
Despite these drawbacks, the thick proﬁles have the advantage of
having a more progressive stall than thin proﬁles, at higher angles
of attack. The ﬁrst two points are most likely responsible for the
lower pressure rise and the lower efﬁciency of FB at nominal and
overﬂow-rates where the angle of attack of the blade cascade is
low: at high ﬂow-rates the lift is increased for the thin blades fan
FA that means more pressure rise and the viscous losses are re-
duced and this could explain the shift of the nominal point towards
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Fig. 6. Mean exit-ﬂow measured by LDA close to the nominal point of FA. (a, c and e) FA rotating at x = 209.5 rad s1 for a ﬂow-rate Q = 0.668 m3 s1 and a pressure rise
Dp = 140 Pa corresponding to a ﬂow coefﬁcientUA = 0.178. The discharge velocity Q=ðpR2maxÞ is 6.7 m s1. (b, d and f) FB rotating atx = 218.1 rad s1 to give the same ﬂow-rate
and pressure rise, that corresponds then to a ﬂow coefﬁcient UB = 0.170. (a and b) Mean meridional ﬂow {Vr(r,z); Vz(r,z)}. (c and d) Mean tangential velocity Vh. (e and f)
Standard deviation of the tangential velocity Vh rms. The blue patch in each ﬁgure stands for the position of the blades.
higher ﬂow-rates. The last feature is almost probably at the origin
of the gain of pressure rise and of efﬁciency at partial ﬂow-rates as
observed for FB in the present experiment: the losses that are dom-
inated by the separation on the suction side are reduced and the
lift is increased.
The effects of the thickness on the overall performances close to
the nominal ﬂow-rates could also be informed by the modiﬁca-
tions of the exit-ﬂow topology (see Figs. 5 and 6). The tangential
velocities downstream of the fan FB (Fig. 5d and Fig. 6d) are stron-
ger than for the fan FA (Fig. 5c and Fig. 6c). Since the velocity ﬁelds
for the two fans have been measured at the same ﬂow-rate and
pressure rise, FB rotating a little bit faster than FA for that, the Euler
work for FB is thus greater than the Euler work for FA and its static
efﬁciency is lower. However, if one would have to use a stator, the
fan FB would lead to a greater recovery of static pressure which
would increase the static efﬁciency of the stage. The regions of high
velocity also extend further away axially and are moreover larger
in radius for FB: a stator could be positioned in a wider range of ax-
ial distance from the fans, which should be beneﬁcial regarding
interaction noise. And at last, the fact that the thick blades fan FB
maintains a mainly axial ﬂow on a wider range of ﬂow-rates (less
centrifugation) would also increase the efﬁciency of a stator down-
stream of it.
4. Study of local ﬂuctuations
The increase of blade thickness thus leads to strong differences
in the mean-ﬂow features of those two fans. The purpose of the
present section is to study the inﬂuence of the blade thickness
on local dynamics such as pressure and velocity ﬂuctuations.
4.1. Wall pressure ﬂuctuations
The results of this paragraph concern the two axial-fans operat-
ing in a ducted-ﬂow conﬁguration (see Fig. 2b). In that case there is
a radial gap of 1.5 mm between the pipe and the collar surrounding
the fan. It should be also noted that for technical reasons, the
ducted experiments have been performed for an angular velocity
x = 209.5 rad s1 (2000 rpm). The presence of the gap substantially
reduces the efﬁciency of the fans without modifying the nominal
ﬂow-rate: FA reaches a maximum efﬁciency g = 0.49 for a ﬂow
coefﬁcient U =UN,A = 0.18. The pressure coefﬁcient is W = 0.15,
slightly lower than in the free-ﬂow experiment which presents
no radial gap. The FB fan reaches a maximum efﬁciency g = 0.48
at a ﬂow coefﬁcient U =UN,B = 0.15 and a pressure coefﬁcient
W = 0.18. The characteristic curves show similar behavior as in
the free-ﬂow case for nominal and overﬂow-rates. The behaviors
at partial ﬂow-rates are completely different owing to the presence
of the tube that prevents the ﬂow from being centrifuged. The re-
sults reported here are thus limited to ﬂow-rates above U = 0.15.
The wall pressure ﬂuctuations are compared for two different
ﬂow-rates, corresponding to the nominal point of the thin blades
fan UN,A = 0.18 and to the nominal point of the thick blades fan
UN,B = 0.15. In every case, for a ﬁxed diaphragm at the pipe exit,
the angular velocity of one of the two fans has been set to
x = 209.5 rad s1 and the angular velocity of the second fan has
been adjusted in order to give the same dimensional pressure rise
and ﬂow-rate for the two fans.
The squared amplitude spectra of wall pressure at ﬂow-rate
UN ,A are plotted in Fig. 7. The spectra S(f) are expressed in dB using
the formula:
Sðf Þ ¼ 20 log10ðp0ðf Þ=p0Þ
p0(f) being the modiﬁed Welch-average Fourier Transform of the
ﬂuctuating pressure. The sampling time is 10 s, corresponding to
approximately 330 fan rotations, and the spectra are an average
of eight 50% overlapping parts, windowed with a Hamming win-
dow. The spectra are displayed between 150 and 850 Hz. The refer-
ence pressure is p0 = 1 Pa.
Both fans exhibit relatively high discrete peaks, corresponding
to the blade passing frequency fbpf (200 Hz for FA and 202 Hz for
FB) and its harmonics. The corresponding values are reported in
Table 2. They are high above the broadband noise. The two fans
differ however strongly by the repartition of energy between the
different harmonics. For FA, only the fundamental frequency fbpf
and the ﬁrst harmonic 2fbpf are visible. The level at fbpf is 21 dB,
and the level at 2fbpf is 1.5 dB.
For FB fan, the ﬁrst three harmonics clearly appear. At the blade
passing frequency fbpf the level is 12 dB. At 2fbpf it is 2 dB, at 3fbpf it
is 4 dB and at 4fbpf it is 11 dB. For this ﬂow-rate, the increase of
blades thickness thus seems to lead to a decrease of the ﬁrst peak
level, and to an increase of the harmonics. The global level of ﬂuc-
tuations, i.e. 10 log10ðr02p =p20Þ, is moreover lower for the thick blades
fan (FB:19 dB) than for the thin blades fan (FA: 23 dB).
The previously described features regarding both the spectral
composition and the relative ﬂuctuations levels could be due to
the fact that the FA fan is working at its nominal ﬂow-rate while
the FB fan is working at overﬂow-rate. To answer this question
we have performed the same experiment at the nominal ﬂow-rate
of the FB fan.
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Fig. 7. Square amplitude spectra of wall pressure ﬂuctuations for thin blades axial-
ﬂow fan FA (a) and thick blades axial-ﬂow fan FB (b) at a ﬂow-rateU =UN,A = 0.18. FA
rotates at x = 209.5 rad s1 and FB rotates at x = 211.5 rad s1 in order to give the
same ﬂow-rates and pressure rises.
Table 2
Level of wall pressure ﬂuctuations at the blade passing frequency and its harmonics
(dB) for both fans at ﬂow-rate UN,A.
fbpf 2fbpf 3fbpf 4fbpf Total
FA 21 1.5 – – 23
FB 12 2 4 11 19
The squared amplitude spectra of wall pressure at the nominal
ﬂow-rate of the thick blades fanUtck = 0.15 are plotted in Fig. 8 and
the levels of the discrete peaks are reported in Table 3. The blade
passing frequency is now fbpf = 200 Hz for FB and 193 Hz for FA.
Please note that the angular velocity ratio needed to reach the
same dimensional static pressure rise and ﬂow-rate xB/xA =
1.037 is the same as the ratio discussed in Section 3.1 dedicated
to the fan overall characteristics.
The results are very similar to the previously described ﬂow-
rate: for the FA fan, the fundamental frequency fbpf and the ﬁrst har-
monic 2fbpf are still the only visible peaks in the spectrum. The level
at fbpf is 21 dB, and the level at 2fbpf is 2 dB. For the FB fan, the ﬁrst
three harmonics clearly appear. At the blade passing frequency fbpf
the level is 17 dB. At 2fbpf it is 5 dB, at 3fbpf it is 2.5 dB and at 4fbpf
it is 9.5 dB. The decrease of the ﬁrst peak level and the increase of
the level of the harmonics is also present at this ﬂow-rate. The glo-
bal level of ﬂuctuations is 20 dB for the thick blades fan and
22.5 dB for the thin blades fan.
Fig. 9 presents autocorrelation and cross-correlation functions
of wall pressure ﬂuctuations for the two fans. The black curves cor-
respond to the autocorrelation function:
AðsÞ ¼ hp
0
1ðtÞp01ðt  sÞi
r2p01
and the red curves correspond to the cross-correlation function be-
tween microphones 1 and 5:
C15ðsÞ ¼ hp
0
1ðtÞp05ðt  sÞi
rp0
1
rp05
One can notice that the functions present a periodicity that cor-
responds to six events in one rotation that is the blade passing fre-
quency. The time lag for the main peak in the cross-correlation
function does match the angular distance between the micro-
phones which is one half of a turn here. Another common feature
between the two fans is that secondary peaks height for the auto-
correlation function are close to the peaks height for the cross-cor-
relation function. Some strongly coherent ﬂow structures might be
involved in this zone between the rotor and the binding static part.
The strong difference between the FA fan and the FB fan is the value
of the cross-correlation coefﬁcient. It is signiﬁcantly lower for the
thick blades fan. This might be an imprint of structures dissipating
more quickly in the wake of the thick blades fan FB. Local velocity
measurements in the wake of the fans may help to better under-
stand this difference and the links between exit-ﬂow dynamics
and wall pressure ﬂuctuations.
4.2. Local velocity measurements in the wake of the fans
Time-resolved signals of the tangential velocity downstream of
the fans have been measured by Constant Temperature Anemom-
etry (CTA) at an axial distance z = 24 mm downstream of the fan
and at a radius r = 120 mm that corresponds to mid-span. The rota-
tion rates of the fans have been adjusted to give the same operating
point (ﬁxed diaphragm at the inlet of the free-ﬂow experimental
facility, ﬂow-rate Q and pressure rise Dp). This point is close to
the nominal ﬂow-rate of FA (UN,A = 0.18) and the fans rotate at an
angular velocity close to x = 209 rad s1 (2000 rpm). An amount
of 219 samples have been recorded at an acquisition rate of
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Fig. 8. Square amplitude spectra of wall pressure ﬂuctuations for thin blades axial-
ﬂow fan FA (a) and thick blades axial-ﬂow fan FB (b) at a ﬂow-rateU =UN,B = 0.15. FB
rotates at x = 209.5 rad s1 and FA rotates at x = 202.7 rad s1.
Table 3
Level of wall pressure ﬂuctuations at the blade passing frequency and its harmonics
(dB) for both fans at ﬂow-rate UN,B.
fbpf 2fbpf 3fbpf 4fbpf Total
FA 21 2 – – 22.5
FB 17 5 2.5 9.5 20
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Fig. 9. Black curves: autocorrelation function of pressure ﬂuctuations at position 1
(see Fig. 2b). Red curves: cross-correlation function of pressure ﬂuctuations
between position 1 and position 5 (see Fig. 2b). Top graph corresponds to FA at
UN,A = 0.18, bottom graph corresponds to FB at UN,B = 0.15. The time is made non-
dimensional with reference to one period of rotation: t0 ¼ tx2p. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
120 kHz. That corresponds to roughly 150 revolutions of the fans
and to approximately 3600 samples per revolution. The rotation
rates have been measured with an encoder, synchronized to the
CTA data acquisition, in order to perform analysis of phase-aver-
aged signals [2]. This point has been chosen as close as possible
to the fans blades, and such that the three components of the
velocity are close for both fans, as can be seen in Fig. 6.
The phase-averaged signals of the tangential velocity Vh(/) are
plotted in Fig. 10, / being the phase on one revolution, in degree.
Portions of signal of length corresponding to one revolution have
been averaged. The signals for FA (Fig. 10a) and for FB (Fig. 10b)
are periodic with a periodicity of 60 that corresponds to the blade
passages. The shape of the signal for each blade is very similar
owing to the very good symmetry and alignment of the system.
The mean velocity is respectively 7.4 m s1 for FA and 7.7 m s1
for FB. For FA, the signal has a more regular shape than for the thick
blades fan FB, and the peak-to-peak amplitude is bigger. These
peak-to-peak phase-averaged ﬂuctuations give the biggest contri-
bution to the total standard deviation of the velocity. They should
also give the biggest contribution to the peaks at blade passing
frequency and its harmonics in velocity spectra as reported by
Kergoulay et al. [2] and as can be seen from the phase-averaged
rms of the tangential velocity Vh rms(/) plotted in red in Fig. 10.
The local tangential velocity spectra are plotted in Fig. 11. The
peaks at the blade passing frequency and its harmonics are clearly
visible and are reported in Table 4. The same features as for the
wall pressure ﬂuctuations studied in Section 4.1 are present: FA
has a stronger peak at fbpf but smaller and fewer secondary peaks.
This is consistent with the shape of the phase-averaged velocity
signals (Fig. 10) and the fact that the main contribution to the
peaks arises from this phase-averaged component of the velocity
signal.
5. Conclusions
Two fans that differ only in the thickness of their blades were
studied in order to highlight the effects of thickness on overall per-
formances and the pressure and velocity ﬂuctuations that are gen-
erated. The ﬁrst fan, which has very thin blades, was designed to be
part of the cooling system of an automotive vehicle power unit.
The second compatible with the rotomoulding conception process,
that generates only hollow parts with large edge radius, has much
thicker blades.
The performances of the fans were measured and the results
indicate that the overall performances were substantially equiva-
lent, with a drop of 8% of pressure rise at conception ﬂow-rate
for the thick blades fan and a maximum efﬁciency that is 3% lower
than the efﬁciency of the thin blades fan and that is shifted to-
wards lower ﬂow-rates.
Contrary to what one could a priori think the thick blades fan
does present a certain number of interesting features:
1. The overall performances are only slightly decreased. The con-
ception point can be reached by a relative increase of rotational
speed of 4% for the same power consumption. The fact that the
characteristic curve is steeper could be positive: the ﬂow-rate
is more stable with respect to small variations of the circuit
hydraulic impedance. Finally, at very partial ﬂow-rates, the thick
blades fan produces more pressure rise than the thin blades fan,
which could be beneﬁcial concerning stall instabilities.
2. The mean exit-ﬂow ﬁelds present signiﬁcant differences. The
tangential velocity component is stronger and remains high fur-
ther away downstream of the thick blades fan FB, which may
increase the efﬁciency of a potential stator. The exit-ﬂow
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Fig. 10. Phase-averaged tangential velocity Vh(/) (blue) and phase-averaged rms of
the tangential velocity Vh rms(/) (red) at an axial distance z = 24 mm downstream of
the fan and at mid-span r = 120 mm. The operating point is close to the nominal
point of FA. (a): FA rotating at x = 205.5 rad s1 for a ﬂow-rate Q = 0.620 m3 s1 and
a pressure rise Dp = 125 Pa corresponding to a ﬂow coefﬁcient UA = 0.178. (b): FB
rotating at x = 209 rad s1 to give the same ﬂow-rate and pressure rise, that
corresponds then to a ﬂow coefﬁcient UB = 0.170. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)
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Fig. 11. Square amplitude spectra of Vh(t) under the conditions of Fig. 10. (a) FA fan.
(b) FB fan.
Table 4
Level of tangential velocity ﬂuctuations at the blade passing frequency and its
harmonics (dB) for both fans close to ﬂow-rate UN,A.
fbpf 2fbpf 3fbpf 4fbpf 5fbpf
FA 1.4 9.7 17.1 26.5 –
FB 4.8 7.8 12.3 19.7 25.4
moreover remains axial on a wider operating range. The thin
blades fan FA leads to a more centrifuged discharging ﬂow,
which may be a conﬁguration of interest in some applications,
for instance for automotive cooling with the fan sucking air
through the heat exchanger.
3. The wall pressure ﬂuctuations just downstream of the fan are
lower for the thick blades and their spectral decomposition is
completely different. The same features are observed on veloc-
ity ﬂuctuations. The spectral decomposition that shows stron-
ger peaks at the blade passing frequency and less harmonics
for the thin blades fan than for the thick blades fan, together
with the phase-averaged analysis of velocity signals suggest
that the pressure ﬂuctuations are due to strong coherent wakes
that are more dissipated with the use of thick blades. These
measurements will be used as a benchmark for high-order ﬁnite
volume CFD codes developed for aeroacoustics in the laboratory
[15], and data are also available on request.
Further numerical and experimental investigations are planed
to better understand the origins of the observed features that are
reported in the present Article. The open questions that remain
concern the inﬂuence of the blade thickness and of its distribution
from leading edge to trailing edge on the blade loading and how
this affects the efﬁciency and shift of the nominal ﬂow-rate, the
centrifugation of the exit-ﬂow and the modiﬁcations of the pres-
sure and velocity spectra.
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